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Rock weathering effects on bedrock channel erosion determined via abrasion mill experiments  
Tevis Blom MS, Geology, University of Colorado, Boulder 
Thesis directed by Professor Eric Small-Tilton 
 The interplay of rock hardness, tectonic uplift, sediment supply, flood discharge, and flood 
periodicity lead to the overall landscape topography through local bedrock incision and sediment 
coverage effects. Rock weathering causes decreased rock strength through chemical and physical 
processes.  This decreased rock strength should affect channel erosion rates, and therefore be accounted 
for in landscape evolution models   Sklar (2001) investigates these processes via a saltation-hop erosion 
mill.  However, experiments were made upon freshly cut rock surfaces.  This study seeks to improve upon 
the Sklar data set by accounting for the effects of bedrock weathering.  To this end, saltation-hop erosion 
mill experiments have been conducted on naturally weathered thalweg and flood level rock surfaces.  
Sample sites include bedrock channels in sandstone, basalt, granite, and metamorphic lithologies.  
Erosion rates from the naturally weathered flood level and thalweg surface are then compared with the 
erosion rate from a fresh saw cut surface.  We find that the flood level or ‘upper’ samples produce erosion 
rates a factor of 1.5-6.6 higher than for thalweg samples where material has been removed.  Likewise, we 
find that the upper samples produce erosion rates a factor of 7.5-10.3 higher than for freshly cut samples.  
Erosion rates were higher at the onset of mill processing, and decreased over time.  This was particularly 
evident in the upper samples.  Erosion mill surface evolution of the sample is recorded via a photographic 
data processing scheme which allows for an X-Y coordinate data representation of the sample surface.  
Data gathered will be used in subsequent channel evolution studies. 
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I. Introduction 
Landscape evolution is best defined as the constant interplay of tectonics and erosion (Whipple, 
2004; Lave, 2001).  Bedrock incision is a primary process influencing the rate of landscape response to 
uplift and climate (Howard, 1994).  Rivers thus are a primary control on regional denudation and form the 
local base level.  Whipple (2004) notes, “The controls on rates of river incision into bedrock largely 
dictate the relationships among climate, lithology, tectonics, and topography.”   In this study we 
hypothesize that bedrock weathering plays a controlling role in bedrock channel evolution by decreasing 
rock tensile strength, thereby enhancing erosion rates.  This effect should be greater at channel margins 
where a ‘stockpile’ of softer weathered rock may be eroded by flood flows (Figure 1).  By conducting 
erosion mill tests, we assess how surface weathering of bedrock channels affects local incision rates.  We 
compare naturally weathered channel center (thalweg),  high flow (upper), and freshly cut rock surfaces. 
Figure 1.  Channel geometry, sample locations, probability of flow, and relative rock erodibility in a 
bedrock channel. 
 We utilize a mechanical bedrock erosion mill as described by Sklar (2001), but perform 
experiments on a variety of natural bedrock surfaces.   Sklar’s work focused primarily on freshly cut rock 
samples. His results show that bedrock incision rates depend non-linearly upon rock strength and 
sediment load characteristics.  Incision rates were shown to scale with rock tensile strength.  Because 
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weathering significantly reduces rock hardness, we expect surface weathering to play a key role in 
incision rates.  
For bedrock incision to occur, sediment needs to be massive enough to be ‘bed-load’ as opposed 
to ‘suspended-load’, and small enough to be moved along the bottom (Sklar, 2001; Johnson, 2009).  Sklar 
and others (Chatanantavet, 2008) find that incision requires transport at below capacity conditions.  With 
lower bed slopes, bedrock exposure decreases approximately linearly with increasing ratio of sediment 
supply to sediment capacity.  Chatanantavet goes as far to estimate bedrock exposure based on sediment 
supply and sediment capacity (Chatanantavet, 2008).  Work by Stark (2009) lends credence to Sklar’s 
claims, and finds that the transport of coarse sediment is likely to be a key factor in river incision.  In a 
study of the Peikang River, China, Yanites (in review) finds that the occurrence of exposed bedrock plays 
an integral role in incision rates.  Using this knowledge, we have tuned our bedrock mill sediment load to 
achieve optimal incision  by maintaining the full sediment load as a moving bed load without 
sedimentation and coverage.   
 Further study on the coverage effect shows that the slope necessary for sediment transport may be 
more than that needed to erode bedrock.  This suggests that riverbed slope adjusts to sediment supply, and 
that transport capacity can actually set eventual bed slope (Johnson, 2009).  This implies that bedrock 
incision occurs during peak flow events, such as large floods, when sediment load is below sediment 
capacity, and when stream flow is sufficient to move grains as bed load (Davy, 2009; Tucker, 2000).  
Stark provides a mass balance equation for stream flow, and shows a time lag between erosion and 
deposition, allowing for large grains in the flow to act as abrasives before deposition.  Long range 
movement of sediments in mixed alluvial rivers is hence an important scaling factor for the stream power 
law and numerical models (Stark, 2009).  Sediment type and size is a strong enough controlling factor 
that modeling of channel width and shape may be possible from known sediment types and flow rates 
(Wobus et al., 2006).  Using Sklar’s evidence of the importance of rock hardness to bedrock incision 
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(Sklar, 2001), and the fact that weathering reduces rock hardness (Goldich, 1938), we propose that the 
degree of weathering will also play a crucial role in incision rates. 
 Non-flow-related weathering such as exposure to ultraviolet light, frost heave cycles, chemical 
weathering, and biological weathering may alter and weaken the exterior of a surface rock (Goldich, 
1938; Fookes, 1971; Etienne, 2002; Nicholson, 2000) enough to enhance flow related incision rates 
(Figure 2).  The ideal sampling location for the purposes of this study is what we will term an ‘active 
bedrock incision site’.  Active bedrock incision sites for our purposes are characterized by an exposed 
bedrock structure that spans all or some of the stream channel.  These exposed reaches have visible 
evidence of a more or less water polished surface where flow is constant.  High water marks are evident 
by flood-borne debris, exposed roots, and a general removal of loose rock.  Sample sites were chosen 
based on the following criteria:  Bedrock exposure, a visible weathering front, flow range, lithology, and 
access.  Our location in Boulder, CO, allowed sampling of sedimentary and igneous rocks in Utah and the 
Rocky Mountains.  In addition, bedrock from rivers carved into geologically young basalt were sampled 
from Hawaii. 
 
Figure 2.  Hypothesized effect of weathering on rock erodibility. 
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II. Field Sites 
A. Utah 
  The Southwestern region of the United States, with predominantly sedimentary lithology and an 
arid climate with sudden intense precipitation during monsoonal events, lends itself to the creation of 
bedrock channels.  These bedrock channels, often referred to as ‘slot canyons’, are perfect examples of 
active incision.  Sandstone sites are along Onion Creek, Utah, (Figure 3).  This site has annual base flow 
from the adjacent La Sal Mountains as well as infrequent flash flood flows.  The soft sandstone samples 
from the Utah site are expected to exhibit enhanced incision rates upon initial erosion.  After softer 
(weathered) surface material is removed, we expect a subsequent decrease in incision rate. Bedrock 
incision sites had smoothly polished pothole and fluting patterns carved into more massive sandstone 
beds.  Sediment found in the stream channel was a mix of more durable igneous cobbles from the La Sal 
mountains upstream and soft sandstone blocks derived from the local rock. 
 
Figure 3. Moab, UT sites (Black Star) 
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B. Hawaii 
 Bedrock channels are also found in the volcanic basalts of the Hawaiian Islands.  In this region, 
tropical storms and orographic precipitation fuel the creation of exposed bedrock channels.  While basalt 
is of greater density and more resistant to erosion than sedimentary rocks, we expect a similar decrease in 
incision rate as weathered surface stone is removed and more dense underlying rock is exposed.  The 
basalt samples used in this study are from Wailuaiki stream, Maui, Hawaii.  Wailuaiki stream (Figure 4) 
is a high gradient basalt channel on the northern flank of Maui; here orographic precipitation is abundant.  
Basalt samples were porphyritic in texture with some scoria present.  Thalweg samples were smoothly 
polished with a thin moss covering (mass of moss was found to be negligible).   Samples taken from high 
flow locations were notably more rough than thalweg samples and had a visible oxidized weathering 
front.  In this weathering front, olivine crystals present in the unweathered portion of the sample rock are 
found to be reduced to a remnant pocket.   
 
Figure 4. Wailuaiki, Maui, HI site (Black Star) 
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C. Colorado  
 Active bedrock incision is likewise found along Colorado’s Front Range and other Rocky 
Mountain regions.  Snowmelt and monsoon-dominated streams are incising through granite and 
metamorphic rocks in this area.  We have chosen bedrock channel sites along the Saint Vrain River near 
Ward, CO for our granite samples (Figure 5).  The St. Vrain sample sites feature highly polished thalweg 
samples and rough weathered upper  flow samples.  These very durable rocks are expected to produce 
much lower erosion rates than the sandstone samples.  Common amongst channels carved into these 
harder rocks are sites where blocks have been actively plucked during extreme discharge events.   
 
Figure 5. Front Range,CO site (Black Star)  
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D.  Site hydrologic characteristics  
 In the following (Table 1), we characterize possible flow velocity and discharge at three sampling 
sites using the Manning’s equation.  We also report estimated upstream drainage area, slope, and width to 
depth ratio at the sampling site.  Slope values are measured for a 30-50 meter reach length using hand 
survey methods.  Results from the Onion creek, Wailuaiki stream, and South Saint Vrain creek samples 
have been chosen as representative examples of sandstone, basalt, and granite lithologies respectively.    
Site Slope 
Area Manning 
n 
Velocity 
(m/s) 
Discharge  Drainage Area 
(km
2
) 
Width/Depth 
(m
2
) (cms) 
South St. 
Vrain  
0.07 2.21 0.025 4.9 10.8                   110 4.5/1.0 
Onion Creek 0.02 5.46 0.035 2.9 15.8 47 10.4/1.01 
Wailuaiki 0.06 20 0.06 3.8 75 13 18/1.9 
Table 1.  Site hydrologic characteristics. 
 
E.  Site photo and channel transect comparison 
 In this section we compare site photographs with survey data for three rock sampling sites.  
Figures 4-6 are field site photos and survey transects where bedrock samples were taken.  Erosion mill 
and bedrock topography results for similar rock types were redundant, i.e. sandstone results were similar 
for different locations as were results for basalt and granites.  Thus, samples from Onion creek, Wailuaiki 
stream, and South Saint Vrain creek again have been chosen as representative of their rock types; 
sandstone, basalt, and granite and are reported for in the results section.    
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Figure 6. South St. Vrain Creek, CO 
 
Figure 7. Onion Creek, UT 
 
Figure 8. Wailuaiki Creek, Maui, HI
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III.Methods 
A. Field Sampling 
 The erosion mill described in the following section is sized to permit an eight inch diameter stone 
sample.  An eight inch diameter diamond bit rock coring drill is necessary for cutting of the stone samples 
(see Appendix for specifications).  The Hawaii basalt samples were hand harvested using simple hand 
tools such as rock chisels and pry bars.  Cutting and sizing of the basalt samples was achieved by shaping 
the samples with a twenty-four inch wet diamond saw; this shaping allows coring of the basalt for sample 
preparation.  The Utah samples, due to their fragile state, were drilled in-situ, and then removed by hand 
chiseling along sedimentary planes.  Likewise, granite slabs were hand quarried at the Ceran Saint Vrain 
site.  Quarried samples were core drilled and prepared at CU Boulder. 
B. Erosion Mill Experiments 
 i. Mill overview and protocol 
 A bedrock erosion mill similar to that used by Sklar (2001) is utilized for the purpose of 
analyzing the effects of a weathered surface on bedrock erosion rates.  Here, we mill samples from three 
lithologies taken from naturally occurring bedrock channels.  Lithologies sampled are basalt, granite, and  
sandstone.   Lithologies are divided into sets of thalweg and upper samples, and are subdivided into 
samples of natural surface and freshly cut surface ~7.5 cm below the surface.  Thalweg samples are to be 
taken from the channel center or as close as is possible, while upper samples are taken from 0.75 of the 
high water mark height where possible.  Actual heights of upper samples are listed in Table 2.  
Continuous sedimentary beds allow pairing between thalweg and upper samples in a rock of similar 
texture.    
 Although metamorphic, concrete, and other sandstone samples were processed as part of our 
research, we present only sandstone, basalt, and granite.  These rock types represent our most complete 
analysis, and adequately represent three main rock categories of sedimentary, extrusive igneous, and 
intrusive igneous lithologies.  Initial mill processing on gneiss and quartz monzonite samples indicates 
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that erosion rates are very similar to those of granites.  They are therefore somewhat redundant and are 
not presented here.  Samples not presented here can be found in the appendix.  Sample site location, rock 
characteristics, and erosion mill information is presented following (Table 2) 
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Table 2.  Sample site, rock, and erosion mill information.  For ‘Sample ID’, u and t denote upper and 
thalweg samples, while i denotes fresh interior surfaces.   
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Mill duration is chosen by test runs to determine an adequate amount of time necessary to 
produce measureable loss that is greater than the handling and weighing error (SD generally +/-0.1g for 
smooth unfractured basalt or granite, and +/-0.3g for sandstone).  Much longer mill durations are required 
for harder lithologies to produce repeatable results.  The mill schedule for sandstone, basalt, and granite is 
shown in Table 3. 
The sediment used in the erosion mill is 150 
grams of washed and separated 4-8 mm quartzite 
gravel.  The 150 gram amount was decided based on 
(Sklar, 2001) and laboratory verification.  This 
amount of gravel is optimized to the maximum 
amount of gravel that may be carried as bed load 
with minimal coverage effects in the mill.  This 
gravel load tends to maximize erosion in the mill by 
providing the maximum amount of abrasive material 
that may be kept in motion along the bed surface in 
the mill.  Smaller grains would remain in 
suspension, while larger grains tend to provide 
coverage of the surface and inhibit erosion.  
Quartzite is used because it is harder than the rock 
being tested; this avoids error due to breakdown of 
the abrasive gravel. 
Table 3.  Erosion mill schedule.  Softer rocks allow for shorter mill durations, while harder rocks require 
greater duration to produce measurable results. 
  
Run # Sandstone (h) Basalt (h) Granite (h)
1 2 2 6
2 2 4 12
3 2 4 12
4 2 4 12
5 2 4 12
6 2 4 12
7 2 4 12
8 2 4 12
9 6 12 12
10 2 4 12
11 2 4 12
12 2 4 12
13 6 12 12
14 2 4 12
15 2 4 12
16 2 4 12
17 24 36 12
18 2 4 12
19 2 4 48
20 2 4 12
21 36 12
22 4 12
23 4
24 4
Total (h) 294 174 70
13 
 
 ii. Sample Preparation 
 Samples are cut to 3 inch height, or if they are less than 3 inches tall they are elevated in the 
erosion mill to the appropriate 3 inch height.  Core samples are named, labeled, weighed, and referenced 
for upward direction.  Additional reference points along the lateral sides of the sample serve as fixed 
location points for repeated referencing of a sample in the laser topography analyzer.  Samples are laser 
analyzed prior to erosion mill runs as part of sample preparation. 
 iii. Construction and Specifications 
A 22.9 cm diameter, 60 cm tall acrylic cylinder is clamped in place by a wooden base and top using 0.159 
cm cable and turnbuckle tensioners.  A 0.159 cm (1/16 inch) rubber gasket material seals the cylinder 
water tight against the wooden base.  This design allows for the stone sample to be placed gently upon the 
wooden base, and for the remainder of the vessel to be constructed around the stone sample with as little 
handling or damage to the stone sample as possible.  A combination of 0.159 cm gasket material and 0.95 
cm (3/8 inch) closed cell foam are used to wrap and protect the lateral edges of the stone cylinder sample.  
This padding also ensures the sample is firmly in place in the base of the mill. 
 The propeller assembly is a modified 1 inch paddle bit that holds two 7 cm by 2 cm bar stock 
plates.  The propeller is extended 12 inches via a ¼ inch bit extender.  The propeller is driven by a 13 
Amp Ryobi drill press at 900 RPM, ( Figures 9 and 10). 
 
Figure 9. Erosion mill at start (left) and finish (right) of run.  Note suspended sediment in finished run 
from breakdown of pea gravel and stone sample.  
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Figure 10. Erosion Mill design specifications.  
 Stone samples are weighed to 0.1g, and have a calculated surface area of 324 cm
2
, although this is 
based on a smooth surface.  A naturally rough surface would have a greater surface area.  Density is 
found by displacement and mass, with sample volume measured to +/- 5 cm
3
.  A blank run is used to 
measure sample handling error.  Stone samples are soaked to saturation, or when (dMass/dTime)=0.  
 Blank runs are completed for every stone sample prior to mill processing in order to measure 
handling effects and losses due to mill loading.  A blank run involves: loading of the mill, filling the 
vessel with water, soaking for a time equivalent to the starting run without firing the motor, and unloading 
the sample from the vessel for towel drying and reweighing.   
 Rock samples are subject to mill runs ranging from 1-48 hours, and are weighed before and after 
each run to calculate loss.  Softer lithologies such as the Utah sandstones show demonstrable wear in the 
Erosion Mill Specifications:  
Cable, tensioners, drain, and drill press 
omitted for clarity. 
Paddle: 7 cm x 2 cm x 3.1 mm flat steel 
  
60 cm 
32 cm 
49 cm 
Sample 7.5cm 
 900 rpm 
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first hour with rates of greater than 10 g/h.  Harder samples such as a quarried granite slab took over 15 
hours to erode away 1.1g of material.  We have run two of Sklar’s original samples for comparison 
against his mill erosion rates.  The  3.1 g/cm
3
 greenstone sample ‘Bob’ had an average erosion rate of  
(5.7+/-1.8) x 10
-5
 cm/h.  The 2.6 g/cm
3
 sample ‘Tim’ had an average erosion rate of  (3.9+/-1.0) x 10-4 
cm/h.   
C. Topographic recording 
 i.Laser/photo analysis  
 We have constructed a recording tool which allows for photographically capturing sample surface 
topography between milling runs.  This recording process allows tracking of erosion progress between 
mill runs.  Surface recording along 4 transects shows where erosion is occurring on the sample surface, 
and can be converted into a calculated mass or volume loss for the entire sample, as will be explained 
further.  In simple terms, we project a laser line upon the sample at a known angle and photographically 
record the image.  This image is then manipulated into useful height data.    
 A 635nm (red) laser with a 110 degree line-producing prism is used to project a vertical beam 
across the surface of the erosion mill samples in 4 transects at increments of 90˚.  A camera mounted at a 
45 degree angle from the incidence of the laser light is used to record the visual topography of the sample 
in detail.  By photographing in low light, the red beam is easily separable from the dark background.  The 
photographs are then processed via imaging software (GIMP), in order to remove light noise and crop 
excess data.  Using a posterizing tool, the image is automatically reduced to two colors, which due to the 
low light conditions creates a 635 nm line over a black background.  The photograph is then processed 
using automatic digitizing software.  This software scans the image for similar pixel colors, in this case 
the 635 nanometer laser line.  XY-it captures pixel data in longitudinal slices, referencing the position of a 
chosen color value as X,Y scatter data.  The output data can then be pasted into Microsoft Excel for 
statistical processing.    At this point, the data sets are evaluated and cleaned of erroneous data.  By 
multiplying measured depth along a transect with a radial area conversion, we may obtain volume and  
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hence mass loss per pixel width (0.106mm) across the entire sample.   The average loss of four transects 
is averaged and summed in Table 5 in the results section. 
 By referencing several fixed positions on the side of the stone sample, repeated measurements 
may be made to demonstrate the effects of bedrock incision on the surface topography of the sample 
rocks.  In other words, the laser topography analysis can be used to chart the erosion patterns produced 
within the mill environment and subsequent topographic evolution.  
 By using standards of known height, an accurate pixel to millimeter conversion scale is created. 
An example from the conversion process is shown below.  Here metal bars of 3 mm thickness are stacked 
and photographically recorded.  The image is reduced to a 2 color image of a black background and the 
projected laser line, and then converted to XY coordinates using the XY-it software.  Pixel data is then 
converted to millimeter height and plotted in Microsoft Excel, (Figure 11). 
 
Figure 11.  Clockwise from left: Original photo, X,Y pixel data, and conversion to millimeter scale. 
 
                                                                                                                                                                                                        
.  ii. Construction and Specifications 
 
  The camera utilized is a Canon Powershot SX120IS, with 10 megapixel resolution and a 6-60mm 
lens.  The laser is mounted in such a way to project a vertical plane of light perpendicular to the surface of 
a stone sample.  A leveling plate is used to adjust the elevation of the stone sample to a pre-determined 
elevation.  The camera is mounted at a 2 foot focal distance, and 45 degrees above the plane of the stone 
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sample.  Rotating the stone sample on the leveling plate allows for multiple radial cross section 
photographs. 
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IV. Results 
A.Erosion Mill Results 
 i.Utah sandstone 
 We first compare erosion rate over the first six 2 hour runs (Figure 12).  In all cases except one 
thalweg sample, starting rates are always higher than final rates.  Mill experiments produced higher 
erosion rates in rocks found above the channel center (“upper samples”) than the same rock type found in 
the channel center (“thalweg samples”).  Interior cut surfaces produced lower erosion rates than thalweg 
samples as well.  The average erosion rate for sandstone upper samples was 2.91+/- 1.21 g/h, while the 
sandstone thalweg produced 0.86+/-0.35 g/h.  The freshly cut sandstone produced an average 0.28 g/h 
(average of upper and thalweg interior samples).  For the sandstone samples, the ratio of upper/thalweg 
erosion rates is 3.4, while the upper/interior ratio is 10.3.  Selected samples are then run to 98 hours (dark 
gray bars) and the average erosion rate is reported.   
 
Figure 12. Average erosion rates for individual samples after 2, 12, and 98 hours of mill erosion.  Interior 
(u) and (t) indicate samples created from upper and thalweg samples respectively. 
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 ii. Hawaii Basalt 
 The following comparison is for the first 6 mill runs including a starting 2 hour run and five 4 
hour runs hours each, with selected samples run to 174 hours (Figure 13).  The average erosion rate for 
basalt upper samples was 1.72+/- 0.82 g/h, while the basalt thalweg produced 0.26+/-0.02 g/h.  The 
freshly cut basalt produced an average 0.22+/- 0.25 g/h for upper and thalweg samples combined.  For the 
basalt samples, the ratio of upper/thalweg erosion rates is 6.6, while the upper/interior ratio is 7.9
 
Figure 13. Average erosion rates for individual samples after 2, 22, and 174 hours of mill erosion.   
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 iii. Colorado granite 
 Granite samples produced extremely low erosion rates, especially for thalweg and interior 
samples, and consequently required longer mill runs to produce measureable mass loss.  Here we compare 
the average erosion rate for the first 6 mill runs, consisting of a single 6 hour run and five 12 hour runs 
(Figure 14).  Selected upper and thalweg samples are run to 270 hours and the average rate is reported.  
The erosion rate for granite upper samples was 0.22+/- 0.20 g/h, while the granite thalweg produced 
0.15+/-0.03 g/h.  The freshly cut granite produced 0.03+/- 0.02 g/h.  For the granite samples, the ratio of 
upper/thalweg erosion rates is 1.5, while the upper/interior ratio is 7.5.  Starting erosion rates for 
weathered granite upper samples were nearly as high as for basalt or sandstone, although the average rate 
after 6 runs was considerable lower.  Freshly cut granite produced the lowest erosion rate of all rocks 
reported. 
 
Figure14. Average erosion rates for individual samples after 6, 12, and 270 hours of mill erosion.  Interior 
samples in the granite suite were not run to the 270 hour mark. 
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 iv. Comparison of 3 rock types 
 Depending on rock type, weathered upper samples taken near the high water mark produce 
erosion rates between 1.5-7.9 times greater than erosion rates found for samples taken from the thalweg or 
channel center (Figure 15 and Table 4). This is more pronounced in the sandstone and basalt, with erosion 
rates of 3.4 and 6.6 times higher, respectively, than for thalweg samples, while the granite sample was 
only found to be a factor of 1.5 higher.  When compared with freshly cut interior surfaces, the naturally 
weathered upper samples were eroded at rates much faster than for interior cut surfaces for all three 
sample suites.  For sandstone, basalt, and granite respectively, erosion rates for upper samples were a 
factor of 10.3, 7.9, and 7.5 greater when compared with erosion rates from interior freshly cut surfaces.  
These erosion rate factors, approximately an order of magnitude larger than for interior freshly cut 
surfaces, indicate that freshly cut surfaces are poor proxies for understanding bedrock incision rates in 
natural environments. 
 
Figure 15.  Log scale comparison of average erosion mill rates produced during runs 1-6 for 3 
predominant rock types.  Error bars represent one standard deviation.  Upper samples produced higher 
erosion rates than thalweg samples, and thalweg samples produced higher rates than interior freshly cut 
surfaces.  Data for the above is contained in the table below.   
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Avg 
(g/h) 
Std 
(g/h) 
Ratio 
U/T 
Ratio 
U/I 
Sandstone upper 2.91 1.21 3.38 10.27 
 12h rate thalweg 0.86 0.35     
  interior  0.28       
Basalt upper 1.72 0.82 6.61 7.93 
 22h rate thalweg 0.26 0.02     
  interior  0.22 0.25     
Granite upper 0.22 0.20 1.49 7.45 
 66h rate thalweg 0.15 0.03     
  interior  0.03 0.02     
Table 4.  Average and standard deviation of erosion rates for 3 rock types comparing upper, thalweg and 
interior samples after 6 mill runs.  Total time after 6 runs is listed below rock type.  Ratio of 
upper/thalweg ratios and upper/interior thalwegs are included as well. 
 
 
B. Time sequence of abrasion 
 i. Sandstone 
 For sandstone samples,  erosion rates generally decreased over time as weathered rock was 
removed during the milling process.  One noticeable exception is thalweg samples that were found to 
have a thin 0.8-1.0 mm mineral patina which appeared to protect the underlying sandstone during the first 
several runs (labeled as Bed 1 thalweg, Figure 16).   Weathered upper samples always had a higher 
starting rate than for thalweg samples from the same bedding plane. Unique bedding planes allowed  
sampling of matched bedding plane pairs of thalweg and upper samples. Upper and thalweg bedding 
plane pairs converged toward an erosion rate unique to each bed.  In the following panels (Figures 16 and 
17), Bed 1 reaches a final rate a factor ~3.5 greater than for Bed 2.  Samples were recovered from within 
5 meters of each other and at similar heights above the channel. 
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Figure 16. Change of erosion rate over time, and total erosion as erosion rate falls.  Bed 1 is comprised of 
fine grained and massively bedded sandstone.  Thalweg and upper samples from bed 1 come to 
convergent erosion rates.  Greater than 4 mm are removed from the upper sample while ~2.5mm is 
removed from the thalweg sample during equal milling durations.  
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Figure 17. Change of erosion rate over time, and total erosion as erosion rate falls.  Bed 2 is comprised of 
coarse grained and thinly bedded sandstone.  Thalweg and upper samples from bed 2 come to convergent 
erosion rates.  Nearly 2 mm are removed from the upper sample while ~0.8 mm is removed from the 
thalweg sample during equal milling durations. 
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 ii. Basalt 
 For basalt samples, erosion rates were higher for samples taken from high flow locations than for 
thalweg samples.  However, erosion rates after 174 hours do not converge as with the sandstone samples.  
Weathered upper basalt samples were noted to have a more pocketed surface where crystals presumably 
have weathered out first.  Thalweg and freshly cut basalt samples from the same location had a higher 
incidence of intact crystals within a fine matrix, and a distinct lack of pockets or vesicles.  Individual 
samples from the same stream display different erosion rates, with erosion rates of upper samples a factor 
of ~10 greater than for thalweg samples, (Figure 18). 
 
Figure 18.  Erosion mill rate and total erosion for samples taken from a bedrock stream in Hawaii.  For 
equal mill duration, the upper sample produced ~1.8 mm of erosion while the thalweg sample produced 
~0.35 mm of erosion.  
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 iii. Granite 
 For granite samples, erosion rates were higher for samples taken from high flow locations than 
for thalweg samples, although not to the extent found in the sandstone and basalt samples.  Erosion rates 
fall nearly ten-fold over 300 hours, (Figure 19).  Beyond 100 hours of mill erosion, the granite erosion 
rates converge to values below 0.1g/h.   
 
Figure 19. Erosion Mill Data for Saint Vrain granite.  Note increased mill time for granites.  Early 
removal of weathered rock leads to very similar rates for all samples from granites at the Ceran Saint 
Vrain site.  The upper sample achieves ~0.45 mm of erosion while the thalweg sample achieves ~0.28 
mm of erosion. 
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C. Bedrock Topography Results 
 i. Topographic scan results 
 Bedrock topography scanning was used to estimate mass and volume loss for a soft sandstone and 
for a hard basalt.  This calculated loss based on measured sample density and scanned topographic 
changes is compared with known mass losses from erosion mill runs.  The full data process is depicted in 
the appendix section.  An abbreviated process is demonstrated for a sandstone sample which was milled 
for 174 hours (Figure 20).  A characteristic erosional pattern in the shape of a ring presents itself in all 
bedrock samples after mill processing.  It is evident that erosion is minimal or zero at the periphery and 
center of the sample, while the ring shaped erosional pattern becomes deeper over time.  In the Onion 
Creek thalweg samples that contained a mineral patina (see erosion mill results in this chapter, section i), 
the mineral patina was not removed at the center or edges of the sample during milling; the patina was 
removed within the ring-shaped area.  
  The ring shape corresponds with the path followed by bedload sediment in the erosion mill.  
Logically it follows that incision into the sample occurred where moving sediment was in contact with the 
sample surface.  This same ring pattern is observed in basalt, granite, metamorphic, and concrete samples.  
The fact that minimal or zero erosion occurs at the periphery of the sample allows referencing of 
subsequent scans to a common height at the sample edge.  In transect view, we see the ring of incision 
expressed as two depressions forming along the transect.  In general a smoothing effect is observed of 
millimeter scale roughness, while in softer samples a definitive ring shape may carve into the surface by a 
centimeter or more, thereby increasing roughness at the centimeter scale.   In some sandstone, concrete, 
and basalt samples a pit or pothole like structure was formed that appeared to concentrate erosion at the 
site.   A concentric whorl-shaped pattern of ridges following the ring pattern was observed in the samples 
of the same rock types.  Granite samples did produce a ring shaped incision pattern, but failed to produce 
a noticeable pothole or whorl pattern during the nearly 300 hours of milling. 
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Figure 20.  Bedrock topography recording process.  Step 1, starting with millimeter scale topography. 
Step 2, Calculated depth loss.  Step 3, Conversion to gram and mm
3
 loss per 0.106mm transect width (1 
pixel). 
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 ii. Comparison of calculated loss and measured loss 
 In this example, we calculate mass loss from samples based on sample density and recorded 
erosional depth along 4 transects.  The calculated mass loss based on measured topographic height is 
ultimately derived from a known sample density and calculated volume loss; rock density is measured by 
displacement for the entire sample.  We then compare the calculated loss with the measured mass loss 
during mill processing (Table 5).  In this comparison, the soft sandstone was over-represented with a 
calculated/measured ratio of 1.3.  The hard basalt was likewise over-represented, with a 
calculated/measured ratio of 1.5.  The over-representation can be explained by a surface of lesser density 
than the rest of the sample.   Our hypothesis predicts softer, less dense material at the weathered rock 
surface.  If the surface rock is in fact of lower density than underlying rock, this would account for the 
over-representation of mass loss by calculation.  If we assume the scan information is correct, the 
weathered surface would require a density decrease of 23% for sandstone, and 34% for basalt.   
 
Transect 
Onion   
Creek (g) 
Maui  
(g) 
T1 240.8 29.9 
T2 281.5 87.8 
T3 300.0 58.4 
T4 285.2 37.3 
Average 276.9 53.3 
Mill Loss 208.8 35.2 
calculated/mill 1.3 1.5 
 
Table 5.  Calculated sample losses based on topographic scan results; values in grams. Included are  
Estimated total mass loss based on erosional depth along transects T1-4, average of 4 transects, and 
comparison with measured mill loss. 
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V. Discussion 
A. Erosion Mill 
Initial results indicate the importance of accounting for a naturally weathered surface, as these 
natural surfaces erode at rates that can be many times higher than freshly cut surfaces.  The heterogeneity 
of rock strength within a channel cross section will affect erosion rates within the channel, and these 
differences should affect channel geometry and be accounted for in landscape evolution modeling.  Rock 
found at channel margins is likely only inundated during flood events, and therefore may weather in-situ 
for longer periods before removal in comparison with rock found in the channel center.  This stockpile of 
weathered rock at the margins will erode at faster rates than the ‘newer’ less weathered rock that is found 
in the channel center.  
i. Sandstone 
After 90 hours of processing, erosion rates for upper and thalweg samples were similar on any 
particular bedding plane.  Unique bedding planes within the sedimentary structure produced unique final 
erosion rates (see sandstone suite comparison on page 11).  If abrasion is the key erosive action, then the 
unique erosion rates could provide a mechanism for the abrupt step and knick point slot canyons produced 
in sedimentary beds of varying hardness and composition.   In simpler terms, erosion rates from adjacent 
sedimentary beds may differ, over time affecting local bed geometry.   Grain scale erosion produced in 
the erosion mill formed smooth fluted structures and ripples.  In softer samples, the beginnings of pothole 
formation were observed.  Although block plucking is evident along channel margins, the sandstone sites 
formed smoothly contoured slot canyons in mostly massive sedimentary beds.  In these sedimentary beds 
tested, the erosion produced in the laboratory is likely a good proxy for the erosion produced in natural 
channels, due to the fact that large scale block removal appears secondary to grain scale erosion in 
exposed bedrock reaches.   
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ii. Basalt 
Similar to the tested sandstones, block plucking appears to be secondary to grain scale erosion 
within the stream channel, with highly polished thalweg surfaces being produced by annual flood flows.  
Clay formation and dissolution of surface minerals appears to enhance erosion rates in weathered basalt 
samples; these erosion rates do not diminish greatly over time with subsequent mill processing.  Due to 
apparent grain scale erosion found in the natural setting, and a lack of pronounced block plucking, the 
erosion mill results will likely be reasonable proxy for channel erosion in basalt substrates. 
iii. Granite 
Unlike the sandstone and basalt bedrock reaches, it is apparent at granite sampling sites that block 
plucking plays a major role in the channel geometry evolution (see photos pages 7,8).  While polishing, 
pothole formation, and rock fluting were found at the sample site, the length scale of plucked blocks 
within the site was greater than the depth of pothole formation or grain scale erosion.  Due to evident 
block plucking and observed low erosion rates in harder test samples, we conclude that in the harder 
granite, gneiss, or quartzite bedrock reaches, block plucking is likely to cause greater bedrock incision 
than that caused by grain scale erosion.  Due to this, the erosion mill may capture effects of rock polishing 
and weathered rock removal, but the mill becomes a poor proxy for rock types where block plucking is 
likely to be greater than grain scale incision.  Added evidence to this point comes from the fact that clast 
sizes in these streams often exceeds the sample size diameter, i.e. blocks plucked are of greater size than 
the samples we are subjecting to grain-scale erosion.  Hydraulic wedging was observed in several sites, 
with pebbles lodged within existent fractures.  Likewise, frost heave cycles likely play an active role in 
releasing and loosening blocks in high altitude granite sites. 
 iv. Interior cut samples 
Freshly cut sample surfaces produce erosion rates lower than those found in any naturally-
occurring sample from our data set.  We find that studies of ‘perfect’ rock surfaces such as produced by a 
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diamond blade saw will fundamentally underestimate possible erosion rates when compared with erosion 
rates found for naturally occurring surfaces.  Such perfect rock exposures are only likely after rock fall or 
other destructive event.  One possible exception is that of glacially polished granite.  It is possible that 
with a low sediment concentration and highly polished granite, that erosion rates may be similar to those 
found for freshly cut granite.  Intact glacial polish in active stream beds in the Sierra Nevada of California 
would be a modern analog.  Original bedrock erosion mill studies used predominantly fresh cut samples 
(Sklar, 2001); our findings indicate that freshly cut rock may be a poor proxy for bedrock incision rates, 
as the naturally occurring bedrock erodes at rates 1.5-10.3 times greater than for perfectly cut laboratory 
samples. 
B. Bedrock Topography Recording 
 Surface evolution recording via photographic processing can provide a first order account of 
where erosion is occurring and to what extent it is occurring along a sample transect.  For the sake of this 
laboratory experiment, it is far simpler to obtain an accurate mass and volume loss reading directly by 
recording mass loss.  However the photographic data scheme enables an X-Y mapping projection of 
surface evolution that does accurately assess where erosion is occurring within the erosion mill.  While 
still in a rudimentary stage, our calculated mill losses by the photographic scheme were comparable with 
measured mass loss.  For sandstone samples, the modeled to mill loss ratio was 1.33, and for basalt the 
ratio was 1.52.   These values are derived from a measured sample density.  However, this density is a 
bulk density for the entire sample and is not likely representative of softer weathered rock found on 
naturally occurring surfaces.  Weathered rock initially removed in the erosion mill would likely be of 
lower density and hardness than the more ‘perfect’ rock below the surface that is also accounted for in 
sample density measurements.    
 The greatest strength of the photographic data recording will likely be for long term recording of 
bedrock channel evolution at remote sites where flood flows are infrequent.  At a larger scale, photo 
33 
 
recording could be used to document changes in active river channels.  A stationary referenced digital 
camera and projected laser line are all that would be necessary to make long term surface recordings 
within a channel.  Laboratory erosion mill processing could then be used to calibrate a site for accurate 
mass and volume losses.  Our photographic data processing scheme provides a very affordable alternative 
to other surface detection methods such as LiDAR (light detection and ranging).  This may be useful for 
studies where fine 3D detail data is not required or where cost is prohibitive. 
C. Future works 
Future landscape evolution studies should account for a weathered rock carapace of different 
hardness than the underlying rock.  The frequency of flood flows and generation of weathered materials 
between flood events will lead to channel geometries that differ from those derived from models using 
uniform rock hardness and erodability values.   Our erosion mill results indicate that naturally weathered 
rocks will erode at much faster rates than freshly cut or thalweg exposed samples, thus altering overall 
channel geometry.  The channel shape produced is expected to be relatively broad and shallow in 
comparison with a channel of uniform hardness (which would produce a narrow and deep channel). 
 In addition to deriving erosion rates for a variety of lithologies within our laboratory erosion mill, 
rock samples will be tested in the future for tensile strength as well using a Brazilian tension test.  Rock 
tensile strength will then be compared with measured erosion rates.   
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VI. Appendix 
A. Additional site photos and channel transect comparisons  
 
Figure 21. South Fork Crystal River above Crystal , CO 
 
Figure 22. South St.Vrain tributary, CO 
 
Figure 23. Clear Creek tributary, CO  
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Figure 24. Kane Springs Creek, UT 
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B. Table 6.  Erosion mill information for all samples processed (description page 39) 
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Table 6.  Mill processing information and sampling data for all samples that were mill processed.  For 
‘Sample ID’, the letters u and t denote upper and thalweg sample sites respectively.  The letter i is used to 
indicate freshly cut interior surfaces, ~2.5cm below the natural surface.  Samples noted as ‘Test’ were 
used for rock type/mill duration calibration but also yielded useful results.  Anomalously high erosion 
rates (*) were produced in very soft, crumbly sandstones during 1 minute initial runs.   
 
C. Bedrock topography recording protocol 
Master Referencing 
Each stone sample shall have 3 ‘Master Reference Points’; these points enable the laboratory user to align 
the stone sample to exactly the same location in the rack on repeated analyses.   
1.  Hand loosen ‘Master Reference Screws’ (to avoid damage to the sample when installing).  These 
screws are located under the deck of the laser rack, and are at a fixed height relative to the deck surface. 
2.  Gently place sample cylinder on suspended sample plate.  The ‘Master Screws’ will remain fixed in 
place, while the suspended sample plate may be adjusted with thumb screws to match the ‘Master 
Reference Screws’ with the ‘Master Reference Points’. 
3.  Hand tighten the ‘Master Reference Screws’ until they are in contact with the ‘Master Reference 
Points’.  Micro adjustments of the thumb screws and/or positioning of the stone sample on the rack may 
be required to perfectly align the ‘Master Reference Screws’ with the ‘Master Reference Points’.   
4.  Master Reference Points are labeled on the side of the stone sample (1,2,3), next to a fine point ‘dot’.   
5.  When stone sample is referenced, proceed to laser setup. 
 
 Laser Setup 
1. Attach laser power/control module to laser diode.  Plug power/control module into 110 volt outlet. 
2. Insert key, turn, and turn on laser via toggle switch. 
3.  Adjust laser beam position to ensure projection along and through fixed points on deck of laser rack.  
These points mark the bisection line of the stone sample.  
4.  Focus laser beam via focusing knob on barrel of diode body to the thinnest visible line possible.   
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5. Adjust power of beam so that light is visible, but not brightly reflecting from the stone surface (higher 
power creates a more washed out red line that is not as clearly identified in image processing software).  
The beam that is seen as ‘thinnest’ in the photo analysis will provide the best topography data.  A very 
bright beam tends to illuminate the area near the beam, which confounds imaging software by creating 
similar red colors slightly away from the actual line of desired analysis.   
Photo Settings and Exposure   
The goal is to capture an image of the projected laser line that is dark throughout the background, with the 
laser light being the only true source of bright, definable light.  This will require ‘underexposing’ the 
frame to keep the image dark.  The camera’s computer will try to lighten any dark image by 
‘overexposing’; for this reason, it is important to shoot in Manual mode and adjust for the desired laser 
effect (a black background with only a red laser line on the stone surface showing will be the most useful 
for data collection). 
 
1.  Mount Canon Powershot s120SX to laser rack with ¼ inch mounting screw. 
2.  Align camera so that the stone sample is dead center in the photo frame and tighten mounting screw. 
3.  Set camera to Manual (M on control dial) 
4.  Set F-stop to 8.0, set shutter speed to 1/125 second  [TBD] 
5. Set ISO to 200 
6. Set White Balance to ‘tungsten’ 
7.  In the custom shooting menu, choose ‘display grid’ in the viewfinder (this will aid in alignment).  
8. In the custom shooting menu, choose ‘time release shooting’.  Set to lowest delay possible.  Using the 
time delay function allows for the photograph to be taken without hand vibration from the user, ensuring a 
crisp photograph. 
9.  Select ‘Highest Quality’ (10 megapixel) for file quality.  Files in JPEG format are easily processed via 
‘XYit’ image analysis software. 
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10. Use the zoom function to nearly fill the frame with the stone sample.  [NEED SET ZOOM LENGTH 
FOR REPEATED MEASUREMENTS] [PERHAPS LEAVE AT FULL WIDE ANGLE TO AVOID 
DISCREPANCY] 
11.  Use the manual focus function to focus upon the laser line (the auto focus feature will likely choose a 
different reference point than the laser line that needs analyzing). 
12.  The center of the photo frame should be exactly at the laser reference line (or centered at the laser 
with a perfectly flat sample). 
13.  When Reference points are matched, laser is focused and adjusted for brightness, and camera is set 
for shooting, proceed with photography (remembering to use time delay shooting mode). 
14.  Record sample name/number, photo frame number, and date of analysis.  
15.  Rotate sample 30 degrees (using reference points on stone and laser deck), and repeat from step 11.  
Repeat until sample has been rotated 150 degrees (providing 5 transects for each stone sample) 
 
Image Processing 
1.  Copy photographs to hard drive 
2.  Open program ‘XYit’ 
3.  Under ‘files’ click on ‘load image’ (load sample to be processed) 
4.  Under ‘tools’ click on ‘automatically digitize’ 
5.  Under the ‘automatically digitize’ window, click on ‘choose starting pixel value and color’ 
6. Zoom in to the laser image, and select the far left border of the laser line as ‘starting pixel value’ 
7. Click ‘analyze’ 
8.  Under ‘files’ click ‘ save data’, save with file extension ‘.txt’  (if saved as XYit ‘dig’ file, it will have 
to be opened in Microsoft notepad before copying of data fields.) 
9.  This ‘.txt’ file can be opened in Microsoft Excel for spreadsheet statistical analysis.   
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10.  If pixel color choice is not producing an effective line, try widening the acceptance parameters for 
color choice.  If this is still not working, the image needs to be taken at a lower exposure value (I.e. a 
darker image will provide better contrast with the laser line) 
11.  Using Excel, find maximum and minimum Y values for the laser line, subtracting the minimum value 
from all sampled points will give a roughness height (based on the lowest point analyzed).  Process data 
for standard deviation and average height. 
12.  In Photoshop, calibrate the number of pixels per millimeter when the camera is shooting at the 
specified settings.  Convert pixel data to height in millimeters in Excel. 
D. Erosion Mill Protocol 
Gravel Separation: 
 Sort 1 kg. gravel/sand mix with stacked separating screens (0.8, 2, 4, and 8 mm screen sizes).  
Load stacked screens into vibrating apparatus, [clamp securely to base].  Shake screens in mechanical 
shaker for 10 minutes.  Remove any organic material, loosen trapped grains from screens.  Store 
separated and labeled grains for erosion tests. 
Sample Soaking: 
For every sample, a pre-erosion dry and saturated weight most be recorded.   
1.  Submerge sample in De-ionized water (DI), record start time. 
2.  Record Mass at 24 hour intervals 
3.  Stop saturation when same mass found 24 hours apart. 
For every sample, a 1 hour blank run is completed first.  Follow all steps except # 7. 
Following each blank run, repeat from step #3.  
1.  Need 8” diameter stone sample, 2-6” tall (or can cut to ~2” standard) 
2.  Soak sample in de-ionized(DI) water for 24-168 hours to saturate.(See Saturation Protocol) 
  if soaking >48 hours, change out water with fresh DI water.  Add water slowly to avoid any 
possible erosion of the sample. 
3.  Quickly Towel dry sample with microfiber cloth to remove ponded water.  The saturated sample 
should still be wet but not dripping and with no pooled water. 
4.  Weigh wet sample, record mass to 0.1g. 
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5.  Wrap sample in 1/16” rubber gasket material.  Wrap in closed cell foam adapter (ensure protecting 
edges of sample from erosion). 
6.  Carefully seat wrapped sample in base of erosion mill cylinder.  Seat cylinder centered upon rubber 
gaskets on wooden base. 
7.  Add sediment to cylinder: record mass and grain size of sediment before addition. 
8.  Install wooden top with rubber gasket on cylinder, ensure top and base are centered about the cylinder.  
Keep ‘paddle’ and extender through wooden top with clamp or tape. 
 9. Clamp assembly together with turnbuckle/cable fasteners.  Use small crescent wrench to tighten 
turnbuckles alternately around the cylinder (tightening opposite sides equally in increments).   
Fully tightened cables will have a dull ‘piano string’ musical quality when plucked.  Paddle should 
 still be temporarily clamped through top.  
10. Slowly add de-ionized water to the 49 cm mark, ensuring not to erode samples when adding water 
 (crucial with softer samples).  If the bottom gasket leaks more than a few drops, the cables 
 should be tightened, or the gasket should be cleaned and realigned. 
11.  Place assembled mill (wooden base and top, plastic cylinder, all clamped together) into large plastic 
pan, and align pan with drill press motor.  The pre-clamped paddle (through the wooden top) is now 
ready.  Attach the drill press to the paddle and tightened with the ‘chuck’.   
12. Ensure that the assembly is aligned and level with the drill press.  If everything is ready, start the 
motor and record start time. 
 
Unloading: 
13. Move Pan/Mill assembly to sink 
14. Drain water from cylinder into sink via drain on cylinder (be sure not to cause further erosion while 
 draining, keep gravel from moving excessively). 
15. Over pan, slide cylinder off (some excess water will spill into pan).  Use pan to contain sediment and 
water .  Reuse gravel sediment if possible, but start with new de-ionized water  for subsequent trials. 
16. Collect gravel/sediment for future trials (rinse with de-ionized h20). 
17. Remove foam pad/cylinder adapter. 
18. Towel dry sample with 3 paper towels [decide brand], to remove ponded water. 
19.  Weigh and record mass to 0.1g. 
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return to step #3 for subsequent trials with same sample. 
for new sample go to step #1 
Sample Selection:  8” diameter cylindrical cores  
Use drainable wet-drilling platform with mud catching ability (3x4 foot x 8 inch tall) 
 6 mil. Plastic lined. Drain valve with hose attachment for clean-out) 
 20 Amp, 3 Speed Husqvarna Brand ‘Rock Core Drill’ 
 8” Diamond tip rock core bit 
 
 Drilling requires a wet cut; drill is attached to hose and water is trapped in lined  drilling 
platform. 
 Expect a slow drilling process. (2 hours for 8” weathered granite cut, 40 minutes for 2”  hard 
flagstone, <10 minutes for soft sandstone and soft limestone. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
